Abstract Winter data of surface ocean temperature (SST), salinity (SSS) and CO 2 fugacity (f CO 2 ) collected on the VOS M/V Nuka Arctica in the subpolar North Atlantic between 2004 and 2017 are used to establish trends, drivers, and interannual variability. Over the period, waters cooled and freshened, and the f CO 2 increased at a rate similar to the atmospheric CO 2 growth rate. When accounting for the freshening, the inferred increase in dissolved inorganic carbon (DIC) was found to be approximately twice that expected from atmospheric CO 2 alone. This is attributed to the cooling. In the Irminger Sea, f CO 2 exhibited additional interannual variations driven by atmospheric forcing through winter mixing. As winter f CO 2 in the region is close to the atmospheric, the subpolar North Atlantic has varied between being slightly supersaturated and slightly undersaturated over the investigated period.
Introduction
All signatory parties of the 2015 Paris Agreement vetted at COP21 (United Nations Framework Convention on Climate Change, 2015) pledged to curb their carbon dioxide (CO 2 ) emissions so that the global mean temperature increase until the end of this century will not exceed 2
• C above preindustrial levels. Continued and internationally coordinated observations of the global carbon cycle are needed to ensure that the reduction efforts are indeed effective (Marotzke et al., 2017) . Data currently collected allow, for example, the preparation of the annual global carbon budget across atmosphere, ocean, and land sinks (Le Quéré et al., 2018) . As the global oceans constitute the largest sustained sink for anthropogenic CO 2 (Wanninkhof et al., 2013) , long-term observations of seawater CO 2 chemistry are essential to quantify the magnitude and variability on interannual to longer time scales of the oceanic CO 2 uptake efficiency (Heinze et al., 2015) . 2015) and regionally (e.g., Corbière et al., 2007; Landschützer et al., 2015; Metzl et al., 2010; Schuster & Watson, 2007) . Ocean circulation change in response to atmospheric forcing is an important driver of such surface ocean CO 2 variability, for example, in the equatorial Pacific (e.g., Feely et al., 2006; Rödenbeck et al., 2014) , the Southern Ocean (Landschützer et al., 2015; Le Quéré et al., 2007; Lovenduski et al., 2007) , and the North Atlantic (e.g., Gruber, 2009 ).
The North Atlantic is among the world's largest sinks for atmospheric CO 2 (Takahashi et al., 2009 ) with substantial interannual to decadal variability (e.g., Gruber et al., 2002; Landschützer et al., 2013; McKinley et al., 2011) . Observations suggest a considerable increase in f CO 2 from the 1990s to the late 2000s in the subpolar gyre, such that surface ocean CO 2 trends diverged from the atmospheric trends (Corbière et al., 2007; Metzl et al., 2010) . The increase in surface f CO 2 between 1993 and 2003 has been attributed to a strong surface warming associated with a weaker state of the North Atlantic Oscillation (NAO) and a contracted subpolar gyre (Corbière et al., 2007; McKinley et al., 2011) , which led to little or no increase in dissolved inorganic carbon (DIC; Corbière et al., 2007; Thomas et al., 2008) . In the later period, that is, 2001 to 2008, the measured surface f CO 2 trends accelerated, which according to Metzl et al. (2010) were not primarily driven by anthropogenic CO 2 uptake. Instead, the accumulation of DIC was accompanied by an increase in nutrients in Redfield proportions, which is suggestive of a mechanism involving variations in vertical mixing processes and ventilation patterns. However, a firm connection between vertical mixing and surface CO 2 variations has not yet been established from observations in this region.
In this study, the spatiotemporal variability of subpolar North Atlantic surface ocean f CO 2 is analyzed beyond the period explored by Corbière et al. (2007) and Metzl et al. (2010) . A total of 14 years of data, collected in the North Atlantic on board the voluntary observing ship (VOS) Nuka Arctica (Olsen et al., 2008) , allow to resolve regional aspects of wintertime f CO 2 trends between 2004 and 2017 along with their underlying drivers. Interannual variations of surface ocean f CO 2 are also evaluated, with the aim to identify the relation between f CO 2 and vertical mixing, especially since recurring deep convection has been observed in winters since 2008 (de Jong & de Steur, 2016 Fröb et al., 2016; Piron et al., 2017; Våge et al., 2009 ).
Data
The container vessel M/V Nuka Arctica, owned by Royal Arctic Line, operates between Ilulissaat, Greenland and Aalborg, Denmark. The ship crosses the North Atlantic directly at approximately 59
• N, but changes the track depending on the sailing schedule and the weather. Example ship tracks are shown in Figure 1 ,
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while all tracks relevant for this study are presented in the supporting information Figure S1 . Throughout the years the system setup has remained similar to the one described by Olsen et al. (2008) , apart from a relocation from the bow-thruster cavity to the main-engine room in early 2006, in order to minimize the number of air bubbles in the seawater stream. There has been no shift in observed f CO 2 attributed to the relocation of the instrument as shown in the supporting information ( Figure S2 ). The intake is located approximately 5 m beneath the water line with a main seawater inflow of ≈60 L/min, of which ∼2 L/min are teed off to the f CO 2 instrument, while the remainder is directed to the thermosalinograph and then overboard. The sea surface temperature (SST) is measured with an accuracy of 0.01 • C using a regularly calibrated thermometer, which is installed right downstream of the intake valve. All pipes are insulated with styrofoam and the typical warming between the intake and equilibrator temperature is not larger than 0.5 • C, which is corrected for using the empirical relationship of Takahashi et al. (1993) of 0.0423
• C −1 . The uncertainty of f CO 2 measurements on Nuka Arctica is ±2 atm. Data are available through the Surface Ocean CO2 Atlas (SOCAT) database and the Integrated Carbon Observation System (ICOS)-Norway website (https://no.icos-cp.eu). Here, only winter data, that is, December to March, from January 2004 to March 2017 are analyzed in order to minimize the potential impact of biological activity, which has been shown to be highly variable in timing and magnitude on interannual time scales in the subpolar North Atlantic (Henson et al., 2006 (Henson et al., , 2013 .
Sea surface salinity (SSS) is measured by a SBE-21 Seacat thermosalinograph. Data indicative of too weak flow speeds or bubbles in the water flow have been excluded (approximately 20%). The remaining data were calibrated following Alory et al. (2015) , using in situ water samples collected across the Atlantic and analyzed for salinity at the Greenland Institute of Natural Resources, Nuuk, Greenland, and also using salinity values flagged as "good" from nearby Argo floats. The typical range of these salinity corrections are 0 to −0.6 (Reverdin et al., 2018) .
Monthly mean atmospheric CO 2 mole fraction data were provided by the Cooperative Global Atmospheric Data Integration Project (2016). Here, the monthly xCO 2 data collected at Storhofti, Iceland (63.3 • N) and
Mace Head, Ireland (53.3 • N) were used and linearly interpolated in order to resolve latitudinal gradients.
The xCO 2 data were converted to fugacity at 100% humidity following Weiss and Price (1980) .
The strong correlation between sea surface alkalinity (A t ) and SSS in the open ocean can be described by an empirical relationship of the form A t = m SSS × SSS + n (Friis et al., 2003; Millero et al., 1998) . Here, the following precision-adjusted relationship for the North Atlantic was used to approximate A t (Nondal et al., 2009 , only one significant digit is included here):
The seawater CO 2 chemistry can be described with the measured f CO 2 data and A t derived from salinity, using the dissociation constants of Lueker et al. (2000) as implemented in CO2SYS (Lewis & Wallace, 1998; van Heuven et al., 2011) . The A t -SSS relationship and the approximation of DIC, derived from calculated A t and measured f CO 2 , were validated using 310 surface A t , DIC, and f CO 2 measurements, collected in the Iceland Basin and the Irminger Sea in April 2015, on board R/V G.O. Sars (58GS20150410). The mean difference between measured and calculated A t was 0.3 ± 4.2 mol/kg, while the mean difference between measured and calculated DIC was 0.9 ± 9.1 mol/kg. The residuals for both calculated A t and calculated DIC are shown in the supporting information (Figures S3 and S4) , and no bias is evident.
Methods
Computation of Regional Trends
Trends in measured f CO 2 were determined for seven different boxes along the tracks of Nuka Arctica. The north-south boundaries of each box were set to 61.5
• N and 58
• N in order to minimize the effects of latitudinal gradients of f CO 2 , while the east-west boundaries were oriented parallel to the Reykjanes Ridge, as shown in Figure 1 , to align with the direction of ocean currents (Chafik et al., 2014; Knutsen et al., 2005) . The box over the Reykjanes Ridge (RR) is 3
• wide in longitude and its eastern and western boundaries follow the ∼1,500 m isobath. To the west, the Irminger Sea was divided into two boxes (IRM-W and IRM-E), each 4.5
• wide in longitude. The western boundary of IRM-W follows approximately the ∼2,500 m isobath, while the division between IRM-W and IRM-E was set approximately at the eastern ∼3,000 m isobath. East of the Reykjanes Ridge, all four boxes are 4.5
• wide in longitude. The Iceland Basin was divided into a western box (ICE-W), which covers the slope from ∼1,500-to ∼2,500 m depth from west to east, and an eastern
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box (ICE-E), whose boundaries follow the ∼2,500 m isobath. The box to the east of ICE-E covers the ascent to the Hatton Bank and the Rockall Plateau (RP), which is about ∼1,000 m deep, and the easternmost box covers the shallow area close the Faroe Bank (FB).
Regional trends were computed by deseasonalizing all data following Tjiputra et al. (2014) . For every region and year, the respective monthly mean values were computed for 2004 to 2017. From these monthly means, the 14-year monthly means were subtracted. Regional winter trends were calculated by applying a linear regression over the deseasonalized December to March data. The standard error of the slope is the error of the trend estimate. Deseasonalization is necessary, because f CO 2 was not measured with the same frequency for every month, year, and region. Table S1 in the supporting information shows the number of observations per region and winter.
Decomposition of Surface f CO 2 Trends
The trend in sea surface f CO 2 is driven by changes in SST, SSS, A t , and DIC. The main drivers for the observed changes can be identified by decomposing the f CO 2 trend, while explicitly accounting for freshwater impacts on DIC and A t (Keeling et al., 2004; Lovenduski et al., 2007; Takahashi et al., 1993) :
Here, ⟨X⟩ are mean winter, that is, December to March, values of f CO 2 , SST, SSS, DIC, or A t . SSS 0 is the reference salinity, which is set to 35 (Normal Standard Seawater, Millero et al., 2008) . sDIC and sA t were computed by normalizing DIC and A t to a salinity of 35 and assuming a nonzero freshwater endmember DIC and A t concentration equal to the intercept of equation (1) (Friis et al., 2003) . The trends of dX∕dt were estimated from 2004 to 2017 for each of the seven regions. The parameter is 0.0423 Takahashi et al., 1993) . Averaged over all boxes, is 0.91, which was estimated as CO 2 ∕ SSS × ⟨SSS⟩ ∕ ⟨ CO 2 ⟩. is the Revelle factor for DIC (on average 13.16) as calculated using CO2SYS (Lewis & Wallace, 1998; van Heuven et al., 2011) . Finally, is the Revelle factor for A t (on average -11.76), which was estimated at constant DIC as CO 2 ∕ A t × ⟨A t ⟩ ∕ ⟨ CO 2 ⟩ and as such additionally implemented in CO2SYS for this purpose. , , and were calculated for each region based on long-term mean winter values.
Long-Term Trends and Drivers
The regional trends of measured f CO 2 in the ocean (f CO trend gradually increases toward the east from 1.96 ± 0.27 atm/year in the IRM-W box to 2.27 ± 0.14 atm/year in the FB box. The trends in surface sDIC are not significantly different from each other (Figure 2b ) and averaged over all boxes, sDIC has increased by 1.56 ± 0.20 mol·kg −1 ·year −1 .
The SST measurements on Nuka Arctica show a substantial cooling during winters between 2004 and 2017 (Figures 2c and S6) . From the IRM-W to the ICE-W box, the SST trend varies between −0.084 ± 0.020 and −0.096 ± 0.018
• C/year. Toward the east, the cooling is less pronounced, and in the FB box, the SST trend is only −0.045 ± 0.016
• C/year. Averaged over all boxes, SST decreased by 0.78 ± 0.19
Coinciding with the basin-wide cooling, the subpolar North Atlantic has freshened from 2004 to 2017 (Figures 2d and S7 ). The decline in SSS measured on Nuka Arctica is strongest in the Iceland Basin. Here, SSS declined by 25.6 ± 4.1 × 10 −3 year −1 (ICE-W) and 19.8 ± 4.0 × 10 −3 year −1 (ICE-E). Toward the west and east, the freshening trends are less pronounced. In the IRM-W, the freshening trend is not significant (1.0 ± 2.0 × 10 −3 year −1 ), but the IRM-E box freshens slightly, at a rate of 10.6 ± 2.5 × 10 −3 year −1 . In the FB region, the SSS change is significantly different from zero but relatively modest (−6.8 ± 3.3 × 10 −3 year −1 ). Averaged over all boxes, SSS decreased by 13.4 ± 3.1 × 10 −3 year −1 .
In Figure 2e , the individual contributions of SST, SSS, DIC, and A t changes to the f CO 2 trends are presented for all boxes, as well as the actual observed trend in f CO 2 . The effects of DIC on f CO oc 2 are separated into those driven by biogeochemical processes (i.e., air-sea gas exchange, primary production, entrainment of waters rich in DIC from below), df CO 2 -sDIC/dt, and those associated with salinity changes (i.e., freshwater addition/removal leading to dilution/concentration of DIC), df CO 2 -DIC FW /dt. For alkalinity, no such separation can be made. As a direct consequence of the empirical relationship between A t and SSS by Nondal et al. (2009) and the approach by Friis et al. (2003) to calculate sA t , the trend in sA t is zero, and therefore, so is the biogeochemical A t driver.
The observed trends in f CO 2 are generally well reproduced by the decomposition. The sum of the drivers for all regions are compared to the observed f CO 2 trends in the supporting information Figure S8 . Differences between the observed trend and the summed effects of SST, SSS, DIC, and A t changes may reflect contributions of nonlinearities in the seawater CO 2 chemistry. In all boxes, these differences are not statistically significant and smaller than 10% except in the RP box, where the sum of all drivers is 14 ± 30% larger than the observed trend in f CO 2 . For all boxes, the contributions of freshwater-driven changes in DIC and A t changes balance out; that is, DIC and A t are diluted in equal parts. As the freshening is strongest in the Iceland Basin, DIC FW and A t, FW are largest in ICE-W and ICE-E. It is in these two boxes where the contributions of SSS changes to the trend in f CO 2 are strongest, yet they are insignificant compared to all other contributions. The sDIC-driven f CO 2 growth rate is twice as high, in some regions even higher, than expected for an ocean that tracks the atmospheric CO 2 increase, 2.0 atm/year. This is attributed to the cooling-induced increase in CO 2 solubility. The regional gradient in sDIC-driven changes in f CO 2 is opposite to that of SST-driven f CO 2 changes, which additionally confirms the solubility-driven uptake of CO 2 . 
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Interannual Variation of f CO 2
On average, wintertime f CO 2 across the track of Nuka is the same as the atmosphere ( Figure S5 ). The year-to-year variation of the measured f CO 2 data is evaluated by removing the observed trend in each region between 2004 and 2017 from the deseasonalized f CO 2 data ( Figure 3) . As a measure of interannual variability, the standard deviation of the mean detrended winter values is used. As a consequence of the f CO 2 trend in the surface ocean tracking the atmospheric CO 2 growth rate between 2004 and 2017, conditions in the (Henson et al., 2013) and similarly, the low f CO 2 levels in the FB box in 2007 and 2011 are associated with cool waters from the Faroe Shelf spilling into the study area.
While the large interannual variability of the detrended f CO 2 measurements in the Iceland Basin is likely related to high interannual in SSS (Figure S7 ), in the Irminger Sea, it is indicative of the influence of recurring winter deep convection, whose extent, strength, and magnitude has been associated with variations in the NAO (e.g., Pickart et al., 2003) . The surface sDIC data between January and March in the Irminger Sea as shown in Figure 4a reveal a significant correlation at the 95% level (p value < 0.05) with the December to March (DJFM)-NAO index (correlation coefficient of 0.61; Hurrell & National Center for Atmospheric Research Staff (Eds), 2017) and with the winter mixed layer depth (MLD, correlation coefficient of 0.84), which was calculated following Pickart et al. (2002) . January to March f CO 2 data show slightly weaker correlations to NAO and MLD, mainly because f CO 2 is additionally affected by warming, cooling and alkalinity changes. The correlations between sDIC and f CO 2 with MLD and NAO are most evident in the Irminger Sea and become less significant over the RR and basically nonexisting in the Iceland Basin and further east, where winter mixing is generally shallow and the influence of the state of the NAO on surface ocean biogeochemistry is less pronounced ( Figure S9 ). Note that December data were omitted for these correlation calculations due to the lagged response of the ocean toward atmospheric forcing (e.g., MLDs are deepest by the end of winter).
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During a positive phase of the NAO, a substantial sea-air heat loss leads to colder SSTs as well as deeper MLDs (Hurrell & Deser, 2009 ). During such cold winters, cooling will counteract the f CO 2 increase driven by sDIC increase. Deep water masses enriched in sDIC and nutrients are brought to the surface, which results in a positive anomaly in sDIC. If the NAO is in a neutral or negative state, winter mixing is generally more shallow and lower sDIC is observed. This negative sDIC anomaly is likely a consequence of marine biological productivity, which reduces the surface ocean in sDIC over summer. During low-phase NAO winters, the pool of sDIC and nutrients in the surface ocean is not fully replenished. A one-dimensional mixing model confirms that the winter sDIC surface concentration can indeed be predicted by integrating the average summer DIC concentration over the winter MLD. The model was initialized each summer using averaged profiles of DIC, temperature, and salinity (i.e., water mass structure) determined from available observations between (García-Ibáñez et al., 2016 Key et al., 2015; Olsen et al., 2016) , and run over each winter based on the changes in maximum winter MLD as determined using Argo data (see supporting information for further details). The calculated and measured surface sDIC concentrations reached by the time of the maximum MLD, that is, by the end of winter, agree well (Figure 4b ).
Conclusion
Surface ocean biogeochemistry in the North Atlantic is sensitive to the year-to-year variability in the physical state of the ocean driven by the atmosphere, the large-scale oceanic circulation, and the long-term trends in atmospheric CO 2 . The strength of the subpolar gyre experiences substantial interannual variability (e.g., Chafik et al., 2016; Häkkinen & Rhines, 2004; Reverdin, 2010; Tesdal et al., 2018) , partly in response to the NAO, the leading mode of atmospheric variability over the subpolar North Atlantic (Hurrell & Deser, 2009 ). In the subpolar North Atlantic a freshening and cooling has occurred after 2005 (Robson et al., 2016; Tesdal et al., 2018) , which is suggested to have been induced by negative density anomalies resulting from the post-1995 decadal subpolar gyre warming (Häkkinen & Rhines, 2004; Hátún et al., 2005; Robson et al., 2014) . Following the period of warming and increasing salinity in the 1990s, SSTs and SSS started to decline as a result of reduced northward transport of heat and salt due to a reduced strength of the large-scale ocean circulation (Smeed et al., 2018) . Measurements on Nuka Arctica confirm a substantial winter cooling from 2004 to 2017 and simultaneously a freshening in the Iceland Basin. Here, the freshwater input is not a locally generated feature, but a signature of decadal overturning circulation variability in the North Atlantic (Smeed et al., 2018; Zhang, 2008; Zhang & Zhang, 2015) . The large-scale decadal freshening signal traces the upper ocean North Atlantic Ocean circulation, which is most likely why the pronounced freshening predominantly affects the Iceland Basin.
The ongoing freshening in the subpolar North Atlantic has not yet affected the surface ocean trend in f CO 2 but could potentially impact water column stratification in a way that likely will reduce vertical fluxes of nutrients and carbon. In the western subpolar North Atlantic, the carbon cycle exhibits large interannual variability with respect to the magnitude of winter mixing. In the western Irminger Sea, f CO 2 rose at a rate of 2.8 atm/year between 1993 and 2003, attributed to a strong surface warming associated with a weaker state of the NAO (Corbière et al., 2007) , while between 2001 and 2008, the rate was even higher, 5.7 atm/year, mainly driven by changes in the CO 2 system in seawater and proposed to be the result of changes in vertical mixing processes (Metzl et al., 2010) . Compared to both previous studies, the winter surface f CO 2 trends decelerated between 2004 and 2017, although a remnant of a larger f CO 2 trend might be visible in the f CO 2 data collected on Nuka Arctica before 2007. In contrast to the post-1995 warming period, stronger surface cooling in the west than the east after 2004 led to solubility-driven increase of surface ocean DIC concentrations. Additionally, the measurements collected on Nuka Arctica span a period of several consecutive winters in which deep convection took place in the Irminger Sea, that is, winter mixing exceeded 500 m in the winters 2008 , 2009 , 2012 (de Jong et al., 2012 Fröb et al., 2016; Piron et al., 2017; Våge et al., 2009 ) in response to the state of the NAO. During these winters, high-nutrient-high-sDIC waters from below further increase surface f CO 2 , such that conditions in the surface ocean vary between supersaturation and undersaturation; that is, the subpolar North Atlantic switches between a weak source to a weak sink of atmospheric CO 2 during winter.
The results of this study highlight the importance and need not only to collect f CO 2 data on the VOS network but also to implement observation systems that collect more CO 2 system variables as well as nutrient data. For example, while salinity measurements are useful to approximate alkalinity, they do not allow investigating the impact of calcium carbonate dissolution changes on alkalinity, which introduces uncertainty. Council, 245927) . This work was funded by the SNACS project (229752), which is part of the KLIMAFORSK program of the Norwegian Research Council. SSS data derived from the thermosalinograph instrument installed on M/V Nuka Arctica were collected, validated, archived, and made freely available by the French Sea Surface Salinity Observation Service (http://www.legos.obs-mip.fr/ observations/sss/). The f CO 2 data are available through the SOCAT database and the ICOS-Norway website (https://no.icos-cp.eu). The 58GS20150410 data are available at https://cchdo.ucsd.edu/cruise/ 58GS20150410.
